Intracranial neoplasia is commonly diagnosed in dogs and can be treated by a variety of methods, but formal comparisons of treatment efficacy are currently unavailable. This review was undertaken to summarize the current state of knowledge regarding outcome after the treatment of intracranial masses in dogs, with the aim of defining optimal recommendations for owners. This review summarizes data from 794 cases in 22 previously published reports and follows PRISMA guidelines for systematic review. A Pubmed search was used to identify suitable articles. These then were analyzed for quality and interstudy variability of inclusion and exclusion criteria and the outcome data extracted for summary in graphs and tables. There was a high degree of heterogeneity among studies with respect to inclusion and exclusion criteria, definition of survival periods, and cases lost to follow-up making comparisons among modalities troublesome. There is a need for standardized design and reporting of outcomes of treatment for brain tumors in dogs. The available data do not support lomustine as an effective treatment, but also do not show a clear difference in outcome between radiotherapy and surgery for those cases in which the choice is available.
W
hen advanced imaging (computed tomography [CT] in the 1980s, magnetic resonance imaging [MRI] in the 1990s) became widely available to veterinarians [1] [2] [3] [4] it was recognized that brain tumors were a common cause of clinical neurological signs in older dogs. 5, 6 In response, many small animal specialty centers soon began attempts at treatment, often mimicking the approaches that had been well established in the treatment of similarly affected human patients. [7] [8] [9] [10] [11] [12] The outcome was that surgical excision via craniotomy and external beam radiation therapy have become widely practiced treatments in veterinary medicine during the past 25 years.
Although brain tumor treatment is commonly discussed at veterinary meetings, there is limited information comparing outcomes after different types of treatment. Furthermore, most data pertain to small case series and retrospective analyses, which carry inherent sources of bias. 13 In human medicine, formal and informal comparisons between surgical and radiation therapy approaches have been made over several decades, 14, 15 allowing defined protocols to be established for tumor type-specific treatment. 16 In contrast, it is difficult for veterinarians confidently to give advice to clients regarding treatment decisions because there have been no robustly designed formal prospective clinical trials comparing various treatment options for intracranial tumors.
It is unlikely that a randomized clinical trial of one treatment versus another will be carried out in dogs in the near future because of ethical and financial limitations in veterinary research. Although imperfect, systematic review of previously published literature provides an alternative means of answering questions regarding relative efficacy of competing therapies. Here, we present a systematic review of the outcomes after treatment of intracranial mass lesions in dogs. Our primary aim was to compare outcomes of the various treatment modalities, focusing on surgery versus radiation therapy for intracranial masses. The outcome associated with symptomatic management was used as a baseline for comparison.
Materials and Methods
Pubmed was used to search for published literature on the treatment of intracranial mass lesions in dogs using the following search terms: "dog brain tumor radiation," "dog brain neoplasia radiation," "dog brain mass radiation," "dog brain tumor surgery," "dog brain neoplasia surgery," "dog brain mass surgery," "dog brain tumor chemotherapy," "dog brain neoplasia chemotherapy," "dog brain mass chemotherapy," "dog hydroxyurea," "dog lomustine," "dog craniotomy," "dog craniectomy," "dog brain Bagley," "dog brain Lecouteur," "dog brain Sturges," "dog brain Rossmeisl,", "dog brain Glass," "dog brain Klopp," "dog brain Jeffery," "dog brain Meij," "stereotactic radiotherapy dog," "stereotactic radiosurgery dog," "dog glioma," "dog oligodendroglioma," "dog pituitary mass," "dog pituitary tumor," "dog choroid plexus," and "dog meningioma." The references in several review articles were scanned for additional primary source material: Lecouteur, 12 Snyder et al, 17 Mayer and Treuil, 18 Motta et al 2012. 19 One additional original article 20 and one review 21 were published during the preparation of material for this review, and data from these sources also were included.
Reports on any treatment modality were eligible for inclusion in the analysis provided that at least 10 cases in total were included and information on survival time was available. Case series of dogs treated symptomatically using palliative corticosteroids and antiseizure medications also were included to provide a baseline against which the outcome of more aggressive therapies could be compared. Series dealing exclusively with functional pituitary microadenomas were excluded because this category constitutes a specific group of tumors with a distinctly different set of clinical signs (ie, hyperadrenocorticsm), prognosis and treatment options. Series that only provided survival rate without reporting the exact number of days, or that were not written in English, also were excluded.
In analysis, studies were first classified into 1 of 9 levels of evidence associated with their specific study design, 22,23 ranging from Level Ia for a systematic review of homogenous randomized controlled trials to Level V for expert opinion without explicit critical appraisal. Next, data was extracted on 6 treatment modalities or treatment combinations: (i) surgery; (ii) radiation therapy; (iii) chemotherapy; (iv) symptomatic management (ie, corticosteroids, anticonvulsant drugs, or both); (v) surgery plus radiation; and (vi) surgery plus chemotherapy. For studies in which survival information on several treatment modalities was reported, the effects of each modality were analyzed separately whenever possible. For each treatment modality, we extracted information on inclusion and exclusion criteria, median survival time, censored cases (ie, missing data or patient surviving at the time of reporting), complications and adverse effects and, lastly, reported treatment-related morbidity, mortality and withdrawal from treatment before completion (abbreviated to "TRMMW"). This TRMMW group represents all reported dogs that died or were euthanized during general anesthesia or surgery, failed to recover from surgery, or failed to complete radiation therapy or chemotherapy because of death, euthanasia, or early withdrawal.
The original intention was to carry out systematic review followed by meta-analysis. However, the bias inherent in retrospective studies, inconsistency in data collection and reporting, and inability to extract all the necessary information from all studies rendered statistical analysis inappropriate. Therefore, all extracted data are reported in summary tables and scatter plots. Outliers in this analysis were defined as studies in which survival time was >50% longer than the next highest value or <50% shorter than the next lowest value and were examined in detail in an attempt to determine what may have contributed to their unusual outcomes.
Results
After exclusion of irrelevant or experimental studies, and of the studies that arose repeatedly in our Pubmed searches using different search phrases and studies that contained fewer than 10 cases, we identified 29 articles that fulfilled the initial inclusion criteria. An additional 5 were excluded because they dealt with pituitary microadenomas alone and 2 reports were excluded because insufficient data were available on survival. This left 22 reports (Fig 1) that met all inclusion and exclusion criteria.
There was a substantial degree of heterogeneity among the 22 studies in terms of precise mode of treatment, case inclusion criteria and follow-up periods. For instance, survival time was not clearly defined in 4 reports, was defined as the period from imaging diagnosis to death in 3 reports, [24] [25] [26] as "progression-free" survival time in 1 report, 27 and in the remaining 14/22 studies it was defined as the period between the start of treatment and death. There also was variation in the proportion of cases that had histological confirmation of lesion character. In 6/22 series, 27-32 all lesions were histologically confirmed as tumors (mostly meningiomas); most of these were reports on surgical interventions. Only 2 of the studies 24,33 were clearly defined as prospective, although 2 others 27,34 were suggestive of a prospective design; the remainder were retrospective collections of cases that had presented over a variable timed period before the report. According to a standard 9-level classification method used for assessment of interventions for brain tumor treatment in humans, 22, 23 0/22 studies were any type of Level I; 4 were Level IIb; and the remaining 18 were Level IV.
Data from all 22 studies were pooled to extract information on signalment, inclusion and exclusion criteria, median survival time, censored and TRMMW cases, complications and adverse effects; this information is summarized in Tables 1-3 . Of the cases in which sex was reported (n = 536), 53% of dogs (n = 286) were male and 47% (n = 250) were female. The median age of the dogs among all studies was 10 years old (range of medians, 6-11 years old) and the median weight was 25 kg (range of medians, 21-27 kg).
Symptomatic management
Five of the 22 studies reported on symptomatically managed cases, of which 4 10,24,25,35 reported median survival times. Median survival times in these reports, which pertained to data from 128 dogs, ranged from 6 days (n = 45 10 ) to 359 days (n = 27 35 ; pituitary masses) with a median among reports of 65 days. Adverse effects and complications were predominantly those associated with corticosteroids and anticonvulsants (Table 2) .
One study 10 did not clearly define the survival period and censored individuals were not removed from the cohort for the final analysis of survival time; in the remaining 3 studies survival time was defined as the period between diagnosis and death. It is not clear whether the censored group was included in survival time analysis in 1 study, 24 although the censored group represents only a small portion of the medically managed cohort (ie, 4/51 animals). We reanalyzed the data reported in 1 study 25 using the methods stated above for censored and TRMMW groups because the raw dataset was available in the published article.
Surgery
Six of the 22 studies reported median survival times for cases (n = 109) treated by surgery (Table 1 and Fig 2) . The range of median survival times was 27 days 10 (n = 16) to 2104 days 31 (n = 27) and the median among reports was 312 days. The study on survival of dogs with endoscopy-assisted surgically treated meningiomas 31 reported forebrain and brainstem or cerebellar meningiomas as 2 separate subgroups; the 2 survival times are presented as 2 separate data points in our analysis (Fig 2) because the original data were not available.
One study 31 reported an unusually high median survival time of 2104 days for endoscopy-assisted surgically treated forebrain meningiomas, which by our definition, is an outlier. In this study, only animals that survived the first week postsurgery were included; 4 of the 27 treated dogs died within this period and were excluded from survival time analysis and 4 other cases received radiotherapy at a later date. The survival curve in this study illustrates that 7 dogs were censored within the first 500 days and, in all, 16 meningioma cases were censored.
Similarly, a notably prolonged median survival time of 1254 days was reported in another study 30 in which rostro-tentorial (bilateral or unilateral) meningiomas were excised using a surgical aspirator. Three of 20 dogs were lost to follow-up after discharge and the report concerns only 17 cases. Of these, 14 survived to discharge, the other 3 died from disease or complications. In the survival plot, several dogs were censored before 2 years, indicating that the reported median survival time in this study corresponds to the death of 1 of the 2 remaining dogs at 1254 days.
Radiation therapy
Median survival times were available from 13 studies on radiation therapy (including those included in 1 study 36 in which 20 dogs had radiation therapy alone), comprising a total of 428 animals ( Table 1 and Fig 2) ; these ranged from 139 days 34 (n = 47) to over 900 days 27 (n = 20) with a median of 351 days. In 1 additional study on pituitary masses 35 (n = 19) >50% of dogs survived for >2000 days and thus a median value was not available. Most series reported on megavoltage or cobalt-60 irradiation, but 1 publication 11 reported the results of orthovoltage irradiation in a small number of dogs that had completed the prescribed course (this group included 4/13 dogs that also had undergone surgery). The median survival times of the radiationtreated cases fell within a narrower range (139-906 days) than those treated by surgery (27-2104 days).
The longest median survival after treatment by radiotherapy was achieved in a study 35 in which >50% of treated dogs (n = 19) with pituitary masses survived >2000 days. Not all of these dogs had neurologic signs at the time of treatment and some masses were small (median height, 9 mm). One study 37 reported a median all-cause mortality survival time of 699 days for 46 cases, substantially longer than reported in many other series. The study further divided the subjects by the location of intracranial tumors with their respective median survival time reported separately (ie, 726 days for extra-axial, 430 for intra-axial, 688 for pituitary macroadenomas). Inclusion criteria included completion of the course of treatment, dogs that had received previous surgery were excluded and none of the dogs were reported to have any evidence of concomitant lifethreatening diseases when treatment was started.
One study 38 reported a median survival time of 577 days for meningiomas (ie, extra-axial masses) in 21 dogs (11 after excluding censored and TRMMW groups). Of these, 10 previously had surgery. Another study 39 reported a median survival time of 539 days (from the beginning of treatment) for pituitary macroadenomas (>1 cm diameter) in 12 dogs. The pretreatment clinical signs exhibited by these animals were mild.
Another study 34 reported a very short median survival time (133 days) from the commencement of radiation therapy in 47 cases. This study separately reported the survival of all dogs that entered the study (133 days) and that of dogs that completed the 6-fraction course of radiotherapy (230 days). Many other studies reported results only on dogs that completed the course of treatment.
Location effect
Information on the location of the lesion was available for 566 animals among the 22 studies. Of these, 59% (n = 335) had extra-axial tumors (predominantly presumptive meningiomas based on imaging or histopathological examination), 22% (n = 127) had intra-axial tumors (predominantly presumptive gliomas based on imaging or histopathological examination), and the remaining 18% (n = 104) had pituitary macroadenomas (based on imaging).
The medians of the reported median survival times, where available, of extra-axial, intra-axial and pituitary masses were 348, 233, and 343 days, respectively (Table 2 and Fig 3) . Animals included in the "outlier" study 31 discussed above were included in these data. The lack of reporting consistency among reports in terms of inclusion and exclusion criteria, singular versus combination treatment modalities and measurement of survival time (mean versus median) rendered the extraction of survival information particularly challenging. For instance, whereas 1 study 31 excluded all animals that died within the first week after surgery for meningiomas, another study 38 included all animals that died within a minimum of 6 months after completion of radiation therapy for meningiomas, but they also included animals treated by both radiation and surgery. Median survival times associated with treatment using different modalities. This plot was compiled from data included in references. 10 
Treatment for extra-axial tumors (presumptive meningioma)
Extra-axial mass lesions, often presumptive meningiomas, constituted the most commonly reported intracranial tumors in dogs in the 22 studies included in our analysis. Fifteen of the 22 studies reported on the treatment of extra-axial tumors (total n = 197), of which median survival time was available in 4 studies for surgically treated cases (n = 63), and 9 for radiation therapy-treated cases (n = 134, Fig 4) . Despite the limited number of data points, the range of the median survival times of the surgically treated group (198-2104 days) was substantially longer than that of the radiation-treated group (130-900 days, with a median of 444 days, Fig 4) . Again, there were many differences in study design and reporting among these different studies.
Other treatment modalities
The same information on 3 other treatment options (chemotherapy, surgery with radiation, and surgery with chemotherapy) was extracted from all 22 studies, where available. These treatment modalities are not discussed in detail in this review because of the low number of cases that could be identified and analyzed from the reports (n = 50, 20 and 4, respectively) and the limited availability of median survival times. Similarly, hyperthermia was reported in one study 36 , but its effects are not analyzed here because of low case numbers. In the largest study on chemotherapy, 56 dogs were treated, resulting in median survival of 75 days. 25 This survival period was not significantly different from that of a medically treated group described in the same article, although dogs were not randomly assigned to different therapies.
These issues are further complicated by problems associated with reporting, not dissimilar to those mentioned earlier. In 1 study 28 the median disease-specific survival time of 14 dogs treated with surgery alone was reported to be 210 days, compared with 495 days for 12 dogs treated with surgery and radiation. In contrast, in a study on meningiomas, 38 similar survival periods were reported for surgery plus radiotherapy and radiotherapy-alone groups, although the number in the combination therapy group was small (10 dogs). Neither of these studies provided information regarding how dogs were selected to be treated by surgery alone or to receive combination therapy. Table 2 lists the reported complications associated with each of the modalities. Direct comparison among complication rates of different treatment modalities is not possible based on the available data, largely because of the differences in the period during which animals were directly observed, methods of case detail recording, and lack of consistent censoring criteria among studies. For instance, although some studies 28, 31 excluded animals that died within 1 week postsurgery from the survival time analysis, another study 40 included all the cases that died during the peri-operative period. Although direct comparison of the complication rates among various treatment modalities is not possible, the TRMMW group provides information on the likelihood of an animal completing the full course of a particular treatment (Table 1) , which indirectly provides an estimate of the inherent risks and complications associated with each treatment. Surgery and radiation therapy appear to have very similar TRMMW rates as a percentage of the total number of cases (ie, 9.2% versus 9.4%). These rates are much higher than the dropout rate in symptomatic case series (0.7%).
Complications of different treatment modalities
Bone marrow suppression (leukopenia and thrombocytopenia) is a commonly reported adverse effect associated with chemotherapy. 41 Occasional emesis with rare need for anti-emetic drugs also is mentioned in some studies without specific case numbers. One study 25 reported that lomustine was titrated using CBC evaluation, but the study did not report how many cases showed toxicity.
Discussion
The aim of this review was to determine whether, in the absence of a formal randomized trial, there is reliable published evidence to support specific modes of treatment for the treatment of brain tumors in dogs, either generally, or of specific subtypes. Theoretically, direct comparison among differently treated series of cases should provide reasonable evidence regarding the relative effectiveness of the different available therapies. This review found many obstacles to reaching such a conclusion. The main difficulties were the variability in reporting of inclusion and exclusion criteria (including variation in constituent cases by histologic type or location) and the description of outcomes, including adverse effects. Moreover, median survival times were not readily extracted from several reports and there were very low case numbers in several studies, thereby precluding the possibility of any meaningful statistical analysis. The high proportion of censoring in some studies, particularly those already containing low case numbers, inevitably increases the likelihood of finding extreme results that cannot be generalized. 13 Of particular note is the lack of inclusion of cases that died at early time points, such as within the first 7 days (for surgical patients) or exclusion from analysis of cases that died before completion of treatment (for radiotherapy patients). Therefore, legitimate comparisons among published studies are difficult to make, especially comparisons to palliative therapy alone, because such "early-death" cases would not be excluded from those series. In human medicine, there are clear definitions of end-points defined by intention-to-treat and per protocol treatment and this convention has not been followed in veterinary reports. In this analysis, we aimed to mitigate this lack of information by using the summary term of TRMMW to highlight the proportion of animals that were unaccounted for in the final analysis of each report.
Despite these caveats, based on the published data available in this systematic review, there is evidence of a beneficial effect of both radiation and surgery compared with symptomatic therapy alone. In general, there appears to be little difference overall between survival after surgery and radiotherapy, even for meningiomas, for which the largest body of information exists. Radiotherapy appears to be associated with as a long a survival period as surgery and there is little evidence to suggest that the adverse effects and morbidity are any worse in radiotherapy-treated cases. However, the 2 series reporting the longest median survival periods 30, 31 , both involved surgical treatments, suggesting the possibility that meticulous surgical excision, as reported in these 2 studies, may have survival benefit. On the other hand, closer examination of these 2 series suggests that the apparent prolonged survival may not be a robust finding; both series had high rates of censoring for cases that are lost to follow-up or still alive at early time intervals. For instance, in a study in which dogs were treated using an ultrasonic aspirator, 30 it was suggested that this method may extend survival, but the reported median survival period is dependent upon analysis of only approximately 3 surviving cases. These 2 series also are most susceptible to possible publication bias (ie, bias toward publication of articles in which outcomes are positive) and small sample bias (in which small samples are more likely to produce extreme results). These issues are problematic for much veterinary clinical research, but are especially relevant to these studies.
Another major inconsistency among reports is whether "all-cause" or "cause-specific" mortality is presented. There is merit to both approaches, depending upon the answer that is sought. For instance, from an owner's point-of-view it would be preferable to see the data for all-cause mortality because they do not always know whether there are other lesions in their dog that might contribute to the animal's death within a specified period. On the other hand, veterinarians likely are more interested in cause-specific mortality because they want to determine which treatment to recommend for an individual dog. Nevertheless, without consistency in data reporting, direct comparison is impossible.
There is insufficient data to comment on modes of treatment other than radiotherapy and surgery because only a small number of chemotherapy cases have been reported, despite much anecdotal commentary about this modality. One study 25 has already provided moderately strong evidence that lomustine given at a dosage of 90 mg/m 2 seems to provide no survival benefit over symptomatic therapy alone, but dogs in that study were not randomized to treatment. There has long been a suggestion that combinations of treatment, notably surgery and radiotherapy, provide the best mode of treatment for brain tumors (particularly meningiomas), 42 largely based on data provided in the articles analyzed here. However, looking at the data as a whole, this conclusion appears inappropriate because the evidence would suggest that adding radiotherapy to surgery has a large impact, 28 whereas adding surgery to radiotherapy has no impact, 38 suggesting that radiotherapy is the effective modality and surgery may have little additive effect.
Is there any reason to be skeptical about the results reported for radiotherapy? In these studies there are many caveats about which cases are included in the series. For instance, it is commonly stated that specific cases were not included unless they completed the course of radiotherapy. Such exclusion will omit an unknown number of cases that are unsuccessfully treated, including those with substantial pretreatment morbidity, which could artificially inflate the reported survival times. This observation suggests that there is a need for better presentation of data, especially to take into account the need for intention-to-treat analyses and to record all animals that were considered, but excluded from specific types of treatment. Exclusion of early mortality also occurs in reports on surgery with many publications stating that cases that died within 7 days were excluded from analysis. Another question that might be asked is whether or not the newer modes of radiotherapy (eg, gamma knife, conformational) are superior to older delivery systems. There currently is insufficient information with which to answer that question because there are only 2 case series that report specifically on newer modes of radiotherapy. In our analysis we included all types of radiotherapy together. Unfortunately, it is not possible to sum the results of all of the studies together to give an overall statement regarding the value of the different therapies, or even suggesting whether or not different treatments might be preferred for specific types or locations of tumors. This information could be obtained by adherence to publishing guidelines 43 for the reporting of methods and results so that different approaches can be contrasted. It would be helpful if sufficient detail were included to permit independent analysis of the published data, or at least for such data to be available as supplementary information when published. Similar recommendations have been made in human medicine to prevent the waste of resources that is inevitable if data are not made widely available. 44 Although ideal, it is unlikely that a randomized trial to compare different modalities across all types of tumor or even for selected sub-groups will be carried out unless the funding environment for veterinary medicine changes. Therefore, a good opportunity for identifying the best treatments might be through registries of brain tumor treatment that could be banked by a central organization. At present, for all the effort expended on treatment of brain tumors in dogs there remains only approximately 700 published treated cases available for analysis, and the data from many of these cases are not available for re-analysis.
